The Raf-MEK1/2-ERK1/2 (ERK1/2-extracellular signal-regulated kinases 1/2) signalling cascade is crucial in triggering cardiac responses to different stress stimuli. Scaffold proteins are key elements in coordinating signalling molecules for their appropriate spatiotemporal activation. Here, we investigated the role of IQ motif-containing GTPase-activating protein 1 (IQGAP1), a scaffold for the ERK1/2 cascade, in heart function and remodelling in response to pressure overload.
Introduction
Heart failure represents one of the leading causes of mortality and is often the final stage of several overload cardiomyopathies, such as aortic stenosis, hypertension, and myocardial infarction. These cardiovascular diseases impose a haemodynamic overload on left ventricular (LV) walls, triggering a multifaceted process of tissue remodelling. LV hypertrophy is the initial phase of this complex response, characterized by an increase in wall thickness, which facilitates counterbalancing of the increase in LV wall stress and maintenance of cardiac function. This process involves a temporally regulated pattern of activation of several intracellular signalling pathways controlling the coordinate interplay between responses of different cardiac tissue components, namely cardiomyocyte growth and survival, capillary formation, and stroma deposition. However, longstanding haemodynamic overload is followed by later stages of maladaptive tissue remodelling, characterized by thinning of LV walls and decreased global cardiac function, that eventually promote the transition towards heart failure. The molecular mechanisms involved in this transition are poorly defined and are likely to be dependent on the alteration of signalling pathways leading to cardiomyocyte loss, inflammation, and fibrosis.
Critical signalling pathways in cardiac remodelling include the extracellular signal-regulated kinases 1/2 (ERK1/2) cascade along with protein kinase B (AKT), 1 which are involved in cardiac hypertrophic growth, as well as in protection from apoptosis in response to a variety of stimuli. The ERK1/2 kinases are the final elements of a cascade in which the G-protein RAS activates the mitogen-activated protein kinase kinase kinase (MAPKKK) Raf, leading to the activation of the MAPKK MEK1/2, which in turn activates the MAPK ERK1/2. Scaffold proteins are crucial regulators of this signalling cascade due to their ability to bind to multiple members of this signalling pathway tethering them into complexes. In doing so, scaffold molecules boost the signal flux and also mediate crosstalk with other pathways. More generally, scaffolds assemble signalling cascade components into complexes by preventing unnecessary interactions between signalling proteins, and enhance signalling efficiency by increasing the proximity of components in the scaffold complex.
The best characterized Raf-MEK-ERK scaffold protein is KSR, equivalent of Ste5, the well-studied yeast MAPK scaffold protein. 2 KSR is a positive regulator of this pathway and binds to all three kinases in the cascade. 3 b-Arrestin has also been characterized as an ERK cascade scaffold protein in response to b -adrenergic stimulation in hearts. 4 Emerging evidence indicates that the widely expressed protein IQGAP1 (IQ motif-containing GTPase-activating protein 1) acts as a scaffold for the MAPK cascade by binding b-Raf, MEK1/2 and ERK1/2, and regulating their activation in response to epidermal growth factor (EGF) in fibroblasts and epithelial cells.
5
IQGAPs comprise three multidomain proteins (IQGAP1, IQGAP2, and IQGAP3) sharing a similar domain structure and with considerable sequence homology. IQGAP proteins have a different pattern of expression in mammalian tissues, and IQGAP1 is the only one that has been detected in the myocardium. 6 IQGAP1 contains different domains: calponin homology domain (CHD), polyproline proteinprotein domain (WW), IQ motif (IQ), Ras GTPase-activating proteinrelated domain (GRD) and RasGAP_C-terminus (RGCT). The CHD is responsible for IQGAP1 binding to actin filaments; the IQ motif associates with calcium/calmodulin, b-Raf, and MEK1/2; the WW domain is able to associate with ERK1/2, and the RGCT domain binds to b-catenin and E-cadherin. Notably, the GRD domain does not facilitate GTPase activity; rather, this domain directly interacts with and stabilizes activated Rac1 and Cdc42. Thanks to the interaction with different molecular partners, IQGAP1 regulates many cellular functions, including cell proliferation, differentiation, adhesion, and migration. 6 Here, we show that IQGAP1 in the heart acts as a scaffold molecule for both c-Raf-MEK1/2-ERK1/2 and AKT and is required for a specific, temporally regulated wave of both ERK1/2 and AKT signalling in response to pressure overload. Moreover, under these stress conditions, IQGAP1-null hearts fail to properly reactivate the foetal gene programme and undergo increased cardiomyocyte apoptotic death. Interestingly, mice lacking IQGAP1 display normal heart function in basal conditions and develop a normal compensatory hypertrophic response in the early phase of pressure overload. However, upon prolonged pressure overload, mutant mice show an accelerated transition towards maladaptive remodelling characterized by LV walls thinning and impaired contractility and ejection fraction (EF%) compared with WT animals. These data highlight an important role for IQGAP1 in ERK1/2 and AKT signalling in the heart and implicate IQGAP1 as a candidate for regulating the switch from adaptive to maladaptive cardiac remodelling in response to prolonged haemodynamic overload.
Methods

Mice and surgical procedures
IQGAP1-null mice of the SV129 strain were generated as described. 7 Two-month-old male mice were used in all experiments. The use of animals was in compliance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health and was approved by the Animal Care and Use Committee of Turin University.
Chronic pressure overload was imposed to the LV through transverse aortic banding (AB), as previously described. 8 
Echocardiographic analyses
Serial echocardiographic evaluations were assessed in mice in basal conditions and during chronic pressure overload (1, 3, 5, 9 , and 12 weeks after banding) as described. 9 Echocardiographic analysis was performed in mice anaesthetized with tribromoethanol (175 mg/kg), using a Vevo 770 (Visualsonics, Inc., Canada) device equipped with a 30 MHz probe. An LV M-mode tracing was obtained using the 2D parasternal short-axis imaging as a guide. End-diastolic interventricular septum (IVSd), posterior wall thicknesses (LVPWd), and LV internal diameter (LVIDd) were measured. Relative wall thickness (RWT), EF%, and fractional shortening (FS%) were calculated according to standard formulas. All measurements were performed at a heart rate comparable in both wild-type (WT) and IQGAP1-null mice (beats per minute; WT, basal 512 + 3, 1-week AB 511 + 4, 3-week AB 507 + 4, 5-week AB 513 + 6, 9-week AB, 12-week AB 517 + 3; IQGAP1-null, basal 518 + 5, 1-week AB 514 + 4, 3-week AB 508 + 2, 5-week AB 512 + 2, 9-week AB 511 + 3, 12-week AB 514 + 2). A systolic trans-stenotic gradient was measured by echo Doppler (Vevo 770, Visualsonics), positioning the probe on AB. All mice analysed showed a pressure gradient comparable in both WT and IQGAP1-null mice (WT, 1-week AB 84 + 5, 3-week AB 89 + 2, 5-week AB 90 + 2, 9-week AB 89 + 1, 12-week AB 89 + 2; IQGAP1-null, 1-week AB 85 + 3, 3-week AB 89 + 4, 5-week AB 88 + 3, 9-week AB 89 + 2, 12-week AB 90 + 3).
Cell cultures, immunoprecipitations, and western blots
Neonatal mouse cardiomyocytes were isolated from 1-day-old 129sv and IQGAP1-null mice. Fibroblasts were removed by two rounds of preplating for 2 h on plastic tissue culture dishes. Cardiomyocytes were plated on gelatin/fibronectin-coated dishes and maintained in DMEM-M199 medium, 10% horse serum (Gibco), and 5% FBS (Gibco). Neonatal mouse cardiac fibroblasts collected by pre-plating were maintained in DMEM 10% FCS for 48 h, starved for 24 h in DMEM 1% FCS, and stimulated with 10 ng/mL TGFb1 (Peprotech) for 36 h for RNA analysis and 48 h for immunofluorescence.
For immunoprecipitation experiments, hearts were homogenized in lysis buffer-50 mM HEPES, 100 mM NaCl, 0.1% Na-deoxycholate, 0.1% Triton X-100, 1 mM EGTA, 2 mM EDTA-containing Roche Complete protease inhibitor cocktail, 10 mM NaF, 1 mM PMSF, 1 mM Na 3 VO 4 . Protein extracts were clarified with three sequential centrifugations at 14 000 r.p.m. at 48C. Immunoprecipitation experiments were performed for 2 h at 48C using 5 mg of total heart protein extract, 5 mg of anti-AKT, and 20 mL of protein G sepharose (GE) (see Supplementary material online, Methods).
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Recombinant proteins
Expression vectors encoding maltose-binding protein (MBP) fused to melusin were prepared as previously described. 10 To produce recombinant MBP-fused IQGAP1 fragments, nucleotide sequences encoding for the protein fragments were cloned in pMAL C2 vector. MBP fusion proteins were produced in Escherichia coli BL21 bacterial strain and then purified on Sepharose amylose (New England Biolabs) according to the manufacturer's instructions.
Pull-down assay
Frozen heart samples were homogenized with an Ultra-Turrax (VWR) in 1% Triton TBS with protease and phosphatase inhibitors, centrifuged three times at 14 000 r.p.m. at 48C, and 3 mg of total protein extract was used for the pull-down assay. MBP-fused IQGAP1 fragments were purified from bacterial protein extracts using an amylose resin (GE) for 1 h at 48C. Resin was washed five times with 1% Triton TBS, and 5 mg of recombinant protein was incubated in agitation for 2 h with 3 mg of total heart protein extract. Resin was washed 10 times with 1% Triton TBS and resuspended in Laemmli buffer. Pulled-down samples were analysed by western blot.
RNA extraction and real-time PCR
Frozen heart samples were homogenized in 1 mL of TRIzol reagent (Invitrogen), and total RNA was purified following manufacturer's protocol. TaqMan real-time PCR was performed using Universal Probe Library System (Roche) and specific primers for each target (Supplementary Methods).
Histological analyses
Heart sections were stained with haematoxylin and eosin, picrosirius red, Alexa488-labelled lectin from Griffonia Simplicifolia and probed with In Situ Cell Death Detection Kit TMR red (Roche) and anti-CD18 (BMA Biomedicals) antibodies as described. 11 Cardiomyocyte cross-sectional areas and fibrosis were measured using MetaMorph Software.
Renin activity assay
Fifty microlitres of mouse plasma was assayed for renin activity, using fluorimetric SensoLyte 520 Renin Assay Kit (Anaspec) following the manufacturer's instructions. Fluorescence has been detected on a Glomax luminometer (Promega).
Statistical analysis
The data are presented as mean + SE. Differences among groups were tested by two-way ANOVA followed by Bonferroni's post hoc test. All statistical analyses were performed using GraphPad Prism 4 (GraphPad Software version 4.0).
Results
IQGAP1-null mice showed impaired heart function after long-standing pressure overload
Since IQGAP1 expression has not been previously characterized at the cellular level in the myocardium, we isolated cardiac fibroblasts and cardiomyocytes from neonatal mouse hearts and analysed the presence of IQGAP1 by western blotting. As shown in Figure 1A , IQGAP1 is expressed in cardiomyocytes as well as in fibroblasts.
To investigate the impact of IQGAP1 on cardiac structure and function, we took advantage of IQGAP1-null mice which are healthy and viable. 7 As shown in Figure 1B -G, echocardiographic analysis showed that lack of IQGAP1 expression does not affect cardiac morphology or function in basal conditions. IQGAP1-null and WT mice were then exposed to pressure overload by surgical AB, and LV remodelling was monitored over time by echocardiographic analysis ( Figure 1B-G) . AB induced a similar pressure overload in IQGAP1-null and WT mice (systolic pressure gradient: 84 + 5 mmHg for WT and 85 + 3 mmHg for IQGAP1-null mice; NS). After 1 week of pressure overload, IVSd and LVPWd increased to a similar extent ( Figure 1B and C ) in both mice groups. Similarly, IQGAP1-null and WT mice reduced LVIDd ( Figure 1D ) and fully retained the systolic contractile function (FS and EF) ( Figure 1E and F) . Thus, after 1 week of AB, IQGAP1-null mice developed a concentric LV hypertrophic response, comparable with that observed in WT mice, as evidenced also by the similar increase in RWT in both groups ( Figure 1G ). Furthermore, 1 week after AB, the ratio of the blood flow Doppler peak (E) at mitral inflow to the tissue movement Doppler peak (e ′ ) at the lateral mitral annulus (E/e ′ ), indicating diastolic function, was only slightly increased in both IQGAP1-null and WT mice, as compared with sham (see Supplementary material online, Table S1 ).
Since the presence of the chronic stimulus can affect the heart response in the long term, we examined the functioning of the heart during additional 11 weeks of AB. Interestingly, after 3 weeks of AB, though pressure overload was still similar in both mouse strains (see Methods), the thickness of IVSd ( Figure 2A ) and LVPWd ( Figure 2B ) in IQGAP1-null mice started to regress and LVIDd increased ( Figure 2C ) while WT mice retained the hypertrophic cardiac remodelling. These differences between genotypes became significant at 5 weeks for LVIDd and IVSd, and at 12 weeks for LVPWd vs. 1 week. At 9 and 12 weeks of AB, also FS ( Figure 2D ), EF ( Figure 2E ), and RWT ( Figure 2F ) were significantly reduced in IQGAP1-null mice compared with WT.
These data indicate that IQGAP1 is dispensable for the development of ventricular hypertrophy and preservation of heart function in the early phase of pressure overload, but is required to sustain functional remodelling in the presence of long-standing haemodynamic overload.
IQGAP1-null mice show impaired cardiomyocyte hypertrophy and increased apoptosis upon pressure overload
The unfavourable remodelling of IQGAP1-null mice was better characterized by histological analysis. Hearts in basal conditions showed no difference in the amount of stromal tissue, capillary density, inflammatory cells, cardiomyocyte size, and apoptosis between the two genotypes ( Figures 3A-E and Supplementary material online, Figure S1A ), demonstrating that the absence of IQGAP1 does not affect cardiac tissue organization.
After 1 week of AB, cardiomyocyte apoptosis was significantly higher in IQGAP1-null mice compared with WT ( Figure 3E ). Consistent with this finding, the level of the anti-apoptotic protein Bcl-XL was lower and that of the pro-apoptotic protein Bad was higher in IQGAP1-null compared with WT ( Figure 3F and G) ; notably, these differences were not present in sham-operated animals ( Figure 3H and I) . In addition, analysis of foetal gene expression ( Figure 3J-M) indicated that whereas WT mice after 1 week of AB showed increased transcription of atrial natriuretic peptide (ANP) and b-myosin heavy chain (b-MHC), IQGAP1-null mice showed a greatly impaired response ( Figure 3J and L) .
No major alterations, however, were observed in cardiomyocyte hypertrophy ( Figure 3D ), expression of extracellular matrix genes and pro-fibrotic cytokines (Supplementary material online, Figure  S2A -E), matrix degrading enzymes (Supplementary material online, Figure S2F ), HIF-1a, and VEGF between IQGAP1-null and WT mice after 1 week of AB (Supplementary material online, Figure S2G and H). In addition, activation of the renin -angiotensin system response to 1-week AB, as assessed by plasma renin activity, did not differ between IQGAP1-null and WT mice (Supplementary material online, Figure S2I) .
Analysis of hearts subjected to 12 weeks of pressure overload indicated no difference in fibrosis ( Figure 3A and Supplementary material online, Figure S1A ), capillary density ( Figure 3B and Supplementary material online, Figure S1B ), and inflammatory cell infiltration ( Figure 3C ) between IQGAP1-null and WT. These data were confirmed by quantification of mRNA coding for extracellular IQGAP1 regulates ERK1/2 and AKT signalling in the heart matrix components (collagen I a1, collagen III a1, and fibronectin) (Supplementary material online, Figure S2A -C), pro-fibrotic cytokines (TGF-b1 and CTGF) (Supplementary material online, Figure  S2D and E), as well as matrix degrading enzymes, such as metalloproteinase 9 (MMP9) (Supplementary material online, Figure S2F) . Moreover, the hypoxia-related factor HIF-1a and the pro-angiogenetic cytokine VEGF were unaltered between the two genotypes (Supplementary material online, Figure S2G and H). Since IQGAP1 is also expressed in fibroblasts, we analysed the possibility that lack of IQGAP1 can alter proliferation and matrix deposition in cardiac fibroblasts, negatively influencing heart remodelling in response to AB. Notably, proliferation and extracellular matrix production and deposition were unaffected in IQGAP1-null neonatal cardiac fibroblasts (Supplementary material online, Figure S3A-F) . Interestingly, at 12 weeks of AB, cardiomyocyte hypertrophy was significantly impaired in IQGAP1-null mice compared with WT mice ( Figure 3D) . Moreover, TUNEL analysis clearly demonstrated increased cardiomyocyte apoptosis in IQGAP1-null mice compared with WT ( Figure 3E and Supplementary material online, Figure S1C ). Consistent with this finding, western blot analysis on hearts subjected to 12-week AB demonstrated a significantly lower expression of the pro-survival protein Bcl-XL ( Figure 3N and O) . In addition, a higher expression of the pro-apoptotic protein Bad and p53 ( Figure 3N and O) were detected in IQGAP1-null compared with WT mice. Measurements of apoptotic protein transcripts by RT-PCR (not shown) indicated that their altered expression was due to post-transcriptional control. Expression of both ANP and brain natriuretic peptide (BNP) and b-MHC was strongly upregulated after 12 weeks of AB in WT mice ( Figure 3J-L) . This up-regulation was paralleled by a strong reduction of the a-MHC, consistent with the development of heart hypertrophy induced by AB ( Figure 3M) . However, IQGAP1-null mice failed to upregulate ANP, BNP, and b-MHC ( Figure 3J-L) and failed to downregulate a-MHC ( Figure 3M) , thus indicating that IQGAP1 is required for the activation of the foetal gene programme in response to AB.
Overall, these data indicate that in spite of unaltered heart function and organization in basal conditions, upon pressure overload IQGAP1 regulates ERK1/2 and AKT signalling in the heart IQGAP1-null mice showed impaired activation of the foetal gene programme, reduced cardiomyocyte hypertrophy, and increased cardiomyocyte apoptosis. The absence of IQGAP1 impairs the second wave of ERK1/2 and AKT activation in response to pressure overload.
Cardiac tissue remodelling is triggered by intracellular signalling induced by pressure overload. MAPK and AKT are among the best characterized signalling pathways activated by AB and driving cardiomyocyte hypertrophy and survival. Impairment of these signalling pathways has been shown to affect different aspects of cardiac remodelling. Thus, we focused our analysis in the early phase following AB in the attempt to define alterations in signalling events that precede unfavourable remodelling.
First, we investigated the kinetics of ERK1/2 activation and that of its upstream kinase MEK1/2 at different time points following AB in WT mice, and identified two waves of both MEK1/2 and ERK1/2 phosphorylation. The first wave occurred at a very early time point, 10 min after AB, whereas a second wave peaked at 4 days ( Figure 4A ). Similar kinetics were also observed for AKT phosphorylation ( Figure 4A ). As shown in Figure 4B and C, absence of IQGAP1 did not affect the first wave of MEK1/2-ERK1/2 and AKT activation, but strongly impaired the phosphorylation of MEK1/2-ERK1/2 and AKT after 4 days of AB, indicating that IQGAP1 selectively controls the second wave of AB-induced intracellular signalling ( Figure 4D and E) . Notably, the phosphorylation of other stress-activated MAPKs, such as JNK 1/2/3 and p38, was not affected by the absence of IQGAP1 (Supplementary material online, Figure S4 ). Further analysis performed at 12 weeks of AB demonstrated that phosphorylation of MEK1/ 2-ERK1/2 and AKT was not significantly different from basal levels both in IQGAP1-null and WT mice (Supplementary material online, Figure S5 ).
IQGAP1 binds both c-Raf, MEK1/2, ERK1/2 and AKT in the heart
To investigate possible mechanisms involved in IQGAP1-dependent ERK and AKT activation, we investigated whether IQGAP1 could function as a scaffold molecule for these kinases in the heart.
Using pull-down assays with different IQGAP1 recombinant fragments ( Figure 5A ), we showed that both ERK1/2 and its upstream kinases MEK1/2 bind to the middle region of IQGAP1 (amino acids 673-1009, region M) ( Figure 5A ). We also showed that the middle region of IQGAP1 binds to c-Raf, the kinase responsible for MEK1/ 2 phosphorylation ( Figure 5A and B) . Interestingly, no binding was detected for b-Raf ( Figure 5A and B) despite its presence in the heart and its previous identification as an IQGAP1-interacting protein in epithelial cells. 12 Since no data are available on c-Raf binding to IQGAP1, we mapped in detail the binding site, using short recombinant fragments. As shown in Figure 5A and B, binding of c-Raf was restricted to the IQ fragment (amino acids 717 -997, IQ) of the M region. Moreover, a second binding site for c-Raf was detected in the RGCT domain at the C-terminal portion of IQGAP1 (amino acids1515 -1585) ( Figure 5A and B) .
In addition to c-Raf , MEK1/2, and ERK1/2, we also detected binding of IQGAP1 to AKT from mouse heart protein extracts ( Figure 5A) . To characterize the IQGAP1 domain involved in AKT binding, we performed a pull-down experiment with IQGAP1 deletion mutants and found that AKT binds to the M region of IQGAP1 (M region; amino acids 673 -1009) ( Figure 5A ), specifically to the IQ fragment (amino acids 717 -997, IQ) of the M region ( Figure 5C ). The interaction of AKT with IQGAP1 was further confirmed by immunoprecipitation of AKT from mouse heart extracts ( Figure 5D ). These data demonstrate the role of IQGAP1 in the heart as a scaffold for both the ERK1/2 cascade and AKT and suggest a crucial role for this molecule in transducing signals, leading to cardiomyocyte survival and hypertrophy maintenance.
Discussion
IQGAP1 is a ubiquitously expressed multi-domain protein capable of interacting with a number of signalling proteins, including the MAPK family, and controlling different aspects of cell physiology. 13, 14 In this work, we disclose, for the first time, a role for IQGAP1 in cardiac signalling and remodelling in response to pressure overload.
In vivo gene inactivation indicated that IQGAP1-null mice show no gross defects during development or adult life, but exhibit a number of subtle phenotypes such as gastric hyperplasia, 7 defective neural progenitor cell migration, 15 and defective platelet procoagulant activity under conditions of mechanical shear stress. 16 Our data indicate that IQGAP1-null mice show no alteration in cardiac function in basal conditions. In fact, both LV wall thickness and diameter, as well as contractility, are identical in IQGAP1-null and WT mice. IQGAP1-null mice, however, develop accelerated dilation and contractile dysfunction, compared with WT mice, when subjected to chronic conditions of pressure overload. In fact, upon 12 weeks of AB, IQGAP1-null mice show thinner LV walls, left chamber dilation, and decreased contractility compared with WT mice. Such maladaptive LV remodelling is characterized by cardiomyocyte apoptosis. Apoptotic death is likely to be due to increased Bad and p53 expression and concomitant reduction of Bcl-XL, leading to an unbalanced ratio of pro-and anti-apoptotic signals. A second important defect accounting for unfavourable remodelling in IQGAP1-null mice is reduced cardiomyocyte hypertrophy in mutant mice following 12 weeks of AB. Increased inflammatory infiltrate, fibrosis, capillary rarefaction, and apoptosis are all typical features of maladaptive cardiac remodelling. Interestingly, loss of IQGAP1 selectively impacts on cardiomyocyte apoptosis and hypertrophy in response to long-standing pressure overload without significantly affecting inflammatory infiltrate, stroma deposition, or capillary density. Another possible explanation for this phenotype could reside in the reduction in mechanical force production; further analysis are required to address this possibility.
Our data indicate that IQGAP1-null mice have impaired MEK-ERK1/2 signalling. Their phenotype, indeed, is reminiscent of that reported in mice lacking ERK1/2 or having impaired ERK1/2 phosphorylation. 17 These mice, in fact, have no basal cardiac defects and develop an initial hypertrophic response to AB comparable with that of WT mice. However, these mutant mice show heart decompensation and failure upon chronic stimulus associated with increased cardiomyocyte apoptotic death. 17 Interestingly, however, we found that the absence of IQGAP1 does not affect global MEK-ERK1/2 signalling in the heart, but it selectively impairs a specific signalling wave. We have shown, in fact, that two temporally distinct waves of ERK1/2 and AKT signalling are triggered in the heart in response to pressure overload, consistent with previous findings 18, 19 : the first wave occurring as early as 10 min and the second peaking at 4 days following pressure overload. Only the second wave of both MEK1/2-ERK1/2 and AKT signalling is affected in IQGAP1-null mice, whereas the early signal transduction at 10 min after pressure overload is unchanged in these mutant mice.
The selective signalling defect detected in IQGAP1-null mice indicate that the two signalling waves are under the control of distinct molecular mechanisms and highlight the fact that ERK1/2 and AKT activation in response to pressure overload can occur with different patterns of timing and duration. 1 The requirement of IQGAP1 for the second wave of signalling can be explained by the ability of IQGAP1 to bind ERK1/2 as well the upstream kinases MEK1/2 and c-Raf, consistent with the reported scaffold role of IQGAP1 for the MAPK cascade proteins in fibroblasts and epithelial cells. 12, 20 We noticed, however, an interesting binding specificity of IQGAP1 towards Raf kinases in the heart. In fact, although Ren et al. 12 have
shown that b-Raf binds IQGAP1 in fibroblasts and epithelial cells, our data indicate that c-Raf, but not b-Raf, interacts with IQGAP1 in the heart. The b-Raf gene, through multiple and tissue-specific alternative splicing, encodes several b-Raf isoforms. Since hearts express only some of the described b-Raf isoforms, 21, 22 we can speculate that these particular isoforms are not able to bind IQGAP1. Alternatively, cardiac muscle-specific molecules could be required to mediate IQGAP1 binding to c-Raf. Our data demonstrate that IQGAP1, in addition to ERK1/2 cascade components, can also bind AKT in the heart and is needed for its activation in response to pressure overload. This is in agreement with the recent finding that IQGAP1 can function as an AKT scaffold by binding both AKT and mTOR, thus facilitating AKT activation in hepatocellular carcinoma cells. 23, 24 Whereas IQGAP1 is critical for the second signalling wave, other molecular scaffolds are likely to be involved in coordinating the signalling machinery during the first wave of MEK-ERK1/2 and AKT signalling. Such molecules can include KSR, b-arrestin, or other previously described scaffolds. 5, 25, 26 The defective AKT and ERK1/2 signalling in IQGAP1-null mice is consistent with increased levels of apoptotic death and impaired maintenance of cardiomyocyte hypertrophy 17,27 -29 observed in these mutant mice after AB. Interestingly, an additional feature of IQGAP1-null mice was their impaired ability in activating the transcription of foetal genes, in particular ANP and b-MHC. In fact, after 1 week of AB, ANP and b-MHC are strongly increased in WT mice, but not in IQGAP1 mutants. This alteration was exacerbated at 12 weeks of AB, where IQGAP1-null mice failed to upregulate ANP, BNP, and b-MHC, and consequently failed to downregulate a-MHC. The defective activation of ANP and b-MHC transcription in IQGAP1-null mice can possibly be ascribed to the lack of the second wave of MEK1/2 and ERK1/2 activation. Indeed, it has been reported that the ANP transcription requires ERK1/2 pathway activation. 30 -32 The foetal gene programme is known to be reactivated in adult cardiomyocytes in response to pathological stimuli and functions as an adaptive response aimed to protect the stressed heart. 33 In fact, ANP protective effect is clearly demonstrated by the IQGAP1 regulates ERK1/2 and AKT signalling in the heart
